Proteinaceous antimicrobial compounds are produced by a diversity of species ranging from bacteria to humans. This review focuses on the mode of action of pore-forming bacteriocins produced by Gram-positive bacteria. The mechanism of action of specific immunity proteins, which protect the producer strains from the lethal action of their own products (producer self-protection), are also discussed.
Introduction
The best known and most fully studied bacteriocin produced by lactic acid bacteria (LAB) is nisin A, which has been accepted by the World Health Organization as a preservative in the food industry. Nisin A is a 34-residue antibacterial peptide that is produced by several strains of Lactococcus lactis and strongly inhibits the growth of a wide range of Gram-positive bacteria. The mature peptide displays several unusual features, such as the dehydrated residues dehydroalanine and dehydrobutyrine, which are derived from serine and threonine residues, respectively, and lanthionine and P-methyllanthionine residues which form five intramolecular thioether bridges [l] . Molecular structures similar to that in mature nisin are found in several other antibacterial peptides produced, for example, by Bacillus subtilis (subtilin), Staphylococcus aureus (Pep 5, epidermin and epilancin K7), L. lactis (lacticin 481), Lactobacillus sake (lacticin S), Carnobacterium piscicola (camocin UI49), and Streptococcus pyogenes @A-FF22). These all belong to the group of type A lantibiotics [l-5] .
Four major classes of bacteriocins are produced by LAB; I, lantibiotics; II, small heat stable peptides; III, large heat labile proteins; and IV, complex proteins that additionally require carbohydrate or lipid moieties for bacteriocin activity [3] . The reader is referred to a number of recently published books and reviews which deal more extensively with the biochemical and genetic characterization, and the application of bacteriocins [1, 3, 6, 7] . This review will focus on the mode of action of lantibiotics and class II LAB bacteriocins, and the producer self-protection (immunity) mechanisms.
Pore-forming Iantibiotics
Lantibiotics are generally active against Grampositive bacteria and they have been shown to act on energized membrane vesicles to disrupt the proton motive force (PMF), inhibit transport of amino acids, and cause release of accumulated amino acids. It has been suggested that the cytoplasmic membrane is the target for their action [l] . Recently, the mode of action of the lantibiotics epilancin K7 [2] and SA-FF22 [5] were shown to be similar to that of nisin and other pore-forming, type A Iantibiotics [l] . Nisin Z, a natural nisin variant, was isolated from Macrococcus luctis subsp. fuctis strain NIZO 22186. The gene for this lantibiotic, designated nisZ, has been cloned and its nucleotide sequence was found to be identical to that of the precursor nisin gene apart from a single mutation resulting in a substitution of His*' for Asn" in the mature polypeptide [8] . Addition of nisin Z to the food-borne pathogen L. monocytogenes resulted in immediate loss of cellular K+, depolarization of the cytoplasmic membrane, and hydrolysis and partial efflux of cellular ATP. These data indicate that the cytoplasmic membrane is also the primary target for nisin Z [9] . Similarly, the lantibiotic camocin U149, produced by C. piscicola U149, was also shown to act at the cytoplasmic membrane. Furthermore, studies with transformed L. luctis strains carrying different fragments of the nisin gene cluster indicated that membrane-associated proteins encoded by this gene cluster may function as a receptor for carnocin U149 [4] .
Voltage-dependent pore formation
Nisin, pep& subtilin, epilancin K7, and SA-FF22 have been shown to associate with non-energized liposomes [1, 2, 5] . The tryptophan fluorescence of subtilin, epilancin K7, and SA-FF22 was blue-shifted in the presence of phospholipid membrane vesicles, indicating that tryptophan residues are located relatively close to the water/lipid interphase. Highest interaction was observed with negatively charged phospholipids, indicating that the initial association of the peptides with the membrane may also be (in part) charge-dependent [1, 2, 5] . Pore formation by type A lantibiotics is characterized by the requirement for a threshold potential, i.e. the peptides do not increase membrane conductivity in the absence of a membrane potential (A+). In black lipid membranes, the threshold potential for SA-FF22 (> 100 mV> was somewhat higher than that required for pore formation by nisin or Pep5 ( -70 to -80 mV>, subtilin (approx. 80 mV), and epidermin or gallidermin (approx. 40-50 mV) [1, 5] . The threshold potential might be influenced by various parameters such as the pH and the phospholipid composition of the membrane [1,2,10]. Nisin A and Z displayed increased activities at acidic pH values and permeabilized membranes in the presence of significantly reduced membrane potentials [9-111.
Nisin A and Pep5 can form transient multistate pores with diameters ranging from 0.2 to 1.2 nm in black lipid membranes when tram-negative potentials are applied [l] . Such pores would allow the passage of hydrophilic solutes with molecular masses up to 0.5 kDa. Subtilin, epidermin, and gallidermin can act with voltages in either orientation and have been found to produce relatively large (l-2 nm in the case of subtilin), stable pores with lifetimes up to tens of seconds [l] . However, SA-FF22 formed pores of approximately 0.5-0.6 nm in diameter and with lifetimes of milliseconds. Such pores would not allow the passage of large molecules and, indeed, in studies with cells, hydrolysis of intracellular ATP, but no efflux of ATP was observed upon addition of SA-FF22 [5].
Effect of lipid composition on Iantibiotic action
Since pore-forming type A lantibiotics act at the cytoplasmic membrane, the phospholipid composition, i.e. headgroup and fatty acyl chain composition, would be expected to influence significantly the efficiency of membrane association, membrane insertion, and subsequent pore formation. Nisin A has been shown to associate with negatively charged phospholipids and with non-energized liposomes containing these lipids [1, 2, 11] . This indicates that in addition to hydrophobic interactions, an association between the three positively charged lysine residues and the anionic phospholipids phosphatidylglycerol (PG) and/or diphosphatidylglycerol (cardiolipin) can also contribute to binding of nisin to the membrane. The decreased efficiency of nisin Z pore formation in cells of L. monocytogenes in the presence of di-and trivalent cations (Mg'+, Ca2+ or Gd3+) can be explained if these ions interact with the negatively charged phospholipid headgroups of PG and cardiolipin present in the cytoplasmic membrane, thereby negating electrostatic interactions between positive charges on the bacteriocins and the negatively charged headgroups of the phospholipid molecules, and/or neutralizing the negative charges of the headgroups. Condensation of these lipids is therefore induced and a more rigid membrane results [9] .
Evidence for an effect of the fatty acyl chain composition on nisin action has been obtained from studies with nisin-resistant L. monocytogenes strains. The spontaneous nisin A-resistant mutants contained an increased percentage of straight-chain (linear) fatty acids, and a lower percentage of branched-chain fatty acids [12] . As a result, the fluidity of the membrane was decreased, which apparently resulted in a decreased efficiency of nisin A pore formation. The rate of nisin Z-induced K+ efflux from cells of L. monocytogenes grown at 30" C was severely reduced at decreased temperatures. The ordering of the lipid hydrocarbon chains, which takes place when the temperature is decreased, and consequently the decrease of membrane fluidity are probably responsible for the reduced efficiency of nisin Z action. L. monocytogenes adapts to low temperature growth by increasing the proportion of short and/or branched fatty acyl chains of the lipids, thereby maintaining an optimum fluidity. This adaptation was suggested to be responsible for the activity of nisin Z at low temperature against cells grown at 4" C [9]. presented with the N-terminal (N) 1-19 amino acid residue part containing one Lys+, connected via a flexible hinge region to the 21-34 C-terminal (C) amino acid residue part, which contains two Lys+ [l] . The light-and dark-shaded halves represent, respectively, the hydrophilic and hydrophobic regions of the amphiphilic peptide. The barrel-stave mechanism (top) involves three discrete steps: (1) Binding of nisin molecules to the membrane;
(2) AI++ (inside negative&dependent insertion into the membrane; and (3) aggregation of monomers resulting in the formation of a water-filled pore [13] . In the second model (bottom), the nisin monomers are assumed to associate at the surface of the membrane (21, followed by At/ (inside negative&dependent insertion into the membrane with the (anionic) phospholipid headgroups incorporated into the pore (3) [2] . Microbiology Letters 129 (1995) I-10 2.3. Models of pore formation Lantibiotics have been proposed to belong to the group of cytolytic pore-forming proteins, which function through a so-called barrel-stave mechanism (Fig. 1) [13]. Recently, Driessen et al. [2] proposed a model in which the mechanism of action of nisin was determined by the phospholipid composition of the membrane. In liposomes composed of phosphatidylcholine (PC), nisin was suggested to act (even in the absence of a PMF) as an anion-selective carrier. The action of nisin against membranes containing anionic phospholipids, e.g. PG, involves the local perturbation of the bilayer structure and a A+ (inside negative)-dependent insertion of nisin into the membrane. Furthermore, it was suggested that electrostatic interactions between the nisin molecules and the phospholipids (see above), could bring the lipid head-groups into the pore lining ( Fig. 1) [2] . Similar models have been proposed for other poreforming amphiphilic peptides [14,15].
Producer self-protection (immunity) mechanisms for pore-forming lantibiotics
The complete nisin gene cluster in L. Zactis consists of 11 genes in the order nisABTCIPRKFEG, many of which have been implicated in nisin biosynthesis and the newly identified nisE, nisF and nisC having a putative role in producer protection [1,3,16-181. The lantibiotic gene clusters involved in the synthesis of subtilin (spa), epidermin (epi), and Pep5 (pep) contain conserved genes that probably encode similar functions, e.g. regulation of gene expression, modification and maturation reactions, translocation processes and immunity [1, 3] . The details of producer self-protection mechanisms for nisin, subtilin and Pep5 have been investigated [16-201.
The involvement of the nisi gene in the self-protection mechanism of the producing strain against nisin has been demonstrated. Constitutive expression of the nisi gene in a nisin-sensitive Lactococcus strain conferred increased immunity towards exogenously applied nisin [16, 17] . Additionally, mutants in which the nisi gene was disrupted were still able to produce reduced amounts of nisin, but were more sensitive to nisin than the wild-type strain (O.P. Kuipers, personal communication). EDTA-treated (outer-membrane-permeabilized) cells of Escherichia coli expressing the nisi gene showed a 170-fold increase in survival as compared to control cells, when cells were treated with 25 pg ml-' nisin for 30 min. This indicates that at least part of the synthesized Nisi is located at the outer side of the cytoplasmic membrane in E. coli, where it is expected to be functional in preventing pore formation by nisin. This localization of Nisi was also suggested by the presence of a typical lipoprotein signal sequence in the molecule, consisting of 19 amino acids [16, 17] . Therefore, the Nisi protein (226 amino acids) B Fig is thought to be attached to the membrane by a lipid-modified N-terminal cysteine. A model for its possible mode of action is presented in Fig. 2 . A similar gene, spal, has been identified in the subtilin producer B. subtilis ATCC 6633 [19] . This gene encodes a hydrophilic 19.3-kDa lipoprotein containing a consensus sequence indicating that this protein might be membrane-anchored. Most likely, Spa1 (143 amino acids) confers subtilin immunity to the producer cell in a manner analogous to that of Nisi.
Intriguingly, the nisA translation product, either modified or unmodified, seemed to be involved in the transcription of its own gene and those located downstream of n&A. Production of mature nisin appeared to be essential for attaining high (wild-type) levels of immunity [17] . The biosynthesis of nisin is regulated by a histidine kinase/response regulator system composed of the proteins NisK and NisR [3, 17] . Strikingly, the actual inducer, i.e. the environmental signal, appeared to be mature nisin itself (O.P. Kuipers and W.M. de Vos, personal communication). Clearly, this information is of extreme importance and possibly offers an explanation for the observed differences in nisin immunity as observed in various mutants, since transcription of the genes downstream of nisA is probably co-regulated by nisin. Furthermore, the expression of other lantibiotic operons might be controlled in a similar way.
The immunity protein Pep1 (69 amino acids) confers resistance to Peps-producing Staphylococcus epidermidis cells [20] . In the N-terminal part of the 1 2 peptide, two lysine residues at positions 6 and 27 flank a 20-amino-acid region of apolar residues, which suggests that the peptide is membrane-associated. The C-terminal region is very hydrophilic, with a net positive charge. Studies with anti-maltose-binding protein-Pep1 antiserum confirmed that Pep1 is located in the membrane. The fact that Pep1 was hydrolysed by proteases added to osmotically stabilized protoplasts and that Pep5 addition did not result in inhibition of proline uptake and did not induce efflux of pre-accumulated proline in a PepI-producing strain, indicated that Pep1 interacts with Pep5 at the level of the cytoplasmic membrane [20]. Using various mutants, the picture emerged that both pepl and pepA (the structural Pep5 gene) are required for expression of the immunity phenotype [20] . Whether regulatory aspects of gene expression are involved, such as reported for expression of the nisin gene cluster (see above), remains to be elucidated.
Class II LAB bacteriocins
Class II LAB bacteriocins are small heat-stable, non-lanthionine-containing membrane-active peptides. Klaenhammer [3] defined three subgroups within this class of bacteriocins: IIa, Listeria-active peptides with a consensus sequence in the N-terminus of -Tyr-Gly-Asn-Gly-Val-;
IIb, poration complexes formed by oligomers of two different proteinaceous peptides; and IIc, thiol-activated peptides requiring reduced cysteine residues for activity. In this section T. Ahre / FEMS Microbiology Leriers 129 (I 995) I-10 5 Fig. 3 . Model for pore formation by LcnA and other Class II LAI3 bacteriocins. The proteinaceous receptor is involved in bacteriocin binding (l) , and subsequent PMF-independent insertion of the bacteriocin into the membrane (2) . Aggregation of monomers in the membrane results in pore formation (3) the mode of action of the best characterized Class II LAB bacteriocins will be discussed.
Mode of action of class II bacteriocins
Lactococcin A (LcnA) produced by Lactococcus iuctis was the first Class II bacteriocin to be analysed in detail [21] . LcnA is small, 54-amino-acid hydrophobic peptide that specifically inhibits the growth of lactococcal strains. The effects of purified LcnA on whole lactococcal cells and membrane vesicles indicated that the bacteriocin increases the permeability of the cytoplasmic membrane of sensitive lactococci in a voltage-independent manner. The specificity of LcnA for lactococci may result from interaction with a Lactococcus-specific membrane receptor protein [21] . Venema et al. [22] supplied further evidence for the involvement of a proteinaceous receptor in the membrane. It was shown that protease K treatment rendered membrane vesicles insensitive to LcnA, which is apparently due to digestion of the bacteriocin receptor. Secondary structure analysis of LcnA revealed that the 21amino-acid sequence between positions Ala3' and Phe5' could possibly form a membrane-spanning helix. The hydrophobicity of the hypothetical transmembrane spanning segment is 0.52 as compared to the average hydrophobicity of 0.18 for the complete LcnA molecule [21, 23] . It was suggested that LcnA could be anchored to the cytoplasmic membrane of
Complementation
of LafA and LafX for Lactacin F Activity sensitive bacteria by the hypothetical transmembrane segment, thereby inducing leakage by pore formation in a manner analogous to that of other pore-forming peptides (Fig. 3 ) 121,221. Lactococcin B (LcnB) (subgroup IIc), produced by L. luctis subsp. cremoris, also forms pores in the cytoplasmic membrane of sensitive bacteria in the absence of a PMF, and this activity is dependent on the reduced state of the CYSTS residue [24].
Listeria-active peptides (subgroup Ha)
Pediococci are widely applied in the fermentation of meat and vegetables 1251. The best studied bacteriocin produced by Pediococcus acidilactici is pediocin PA-l, which was recently shown to be identical to pediocin AcH [3, 26] . This bacteriocin shares sequence similarities with various other important, broad spectrum anti-listerial bacteriocins (e.g. Sakacin A and P, Leucocin A, Curvacin A and Carnobacteriocin BMl and B2) produced by LAB associated with meats [3, 26, 27] . The function of the consensus sequence (-Tyr-Gly-Asn-Gly-Val-) in the N-terminal region of these mature peptides is unknown. Mature pediocin PA-l is a highly hydrophobic, positively charged peptide consisting of 44 amino acids. Pediocin PA-l acts on the cytoplasmic membrane, thereby dissipating ion gradients and inhibiting transport of amino acids in sensitive cells, and in membrane vesicles derived from these cells, whereas liposomes made from the membrane lipids are not affected. The protein contains two disulfide bonds of which that between the cysteine residues at positions 24 and 44 is essential for activity. It is likely that pediocin PA-l, and probably other bacteriocins belonging to the group, form hydrophilic pores in the cytoplasmic membrane of target cells in a protein receptor-mediated, voltage-independent manner [26], analogous to that of LcnA [21].
Action of two-component systems (subgroup IIb)
Lactobacillus johnsonii VP11 1088 produces a bacteriocin, lactacin F, that has been subjected to extensive biochemical and genetic characterization. Molecular analysis of the lactacin F operon in Lactobacillus johnsonii recently indicated the presence of three open reading frames [3, 28] . In addition to lafA, the lactacin F structural gene, expression of 1ujX is essential to lactacin F activity against Lactobacillus delbrueckii subsp. lactis strains 970 and 4797 and Enterococcus faecalis ATCC 19433. In complementation reactions on agar, where the LafA and LafX peptides are excreted by different clones, bactericidal action against L. delbrueckii 4997 OCcurred at the point where the two products diffused together. This indicates that lactacin F activity occurs through the action of the two peptides LafA and LafX (Fig. 4) [3, 28] . LafA (57 amino acid residues) and LafX (48 amino acid residues) possess most of the molecular features that characterize class II LAB bacteriocins, including a hydrophobic profile, an Nterminal extension with a consensus processing site, and a cationic C-terminus [3] . Other bacteriocin systems defined by two heterogeneous components have also been reported. Lactococcin M (LcnM/N) activity produced by Lactococcus lactis, requires the presence of functional 1cnM and 1cnN genes [23] . Lactococcin G is produced by Lactococcus lactis LMG2081 and was the first bacteriocin discovered of the two component type [29] . Purification of lactococcin G identified two peptides, cyr (39 amino acid residues) and p (35 amino acid residues) that individually exhibited low levels of activity, whereas complementation of the peptides (ratios approximating 7a:lpr) resulted in a five-fold activity increase as determined in growth inhibition experiments with the L. luctis IL 1403 indicator strain. Secondary structure predictions suggested that the N-terminal halves of both the a and pr peptides may form amphiphilic a-helices, whereas the C-terminal halves consist largely of polar amino acids. It was suggested that the two peptides are complementary in the formation of pores in the cytoplasmic membrane of target cells [29] .
Recently, mechanistic studies have been performed with lactacin F [30]. The addition of lactacin F to Enterococcus faecalis resulted in immediate loss of cell K+, depolarization of the cytoplasmic membrane and hydrolysis of internal ATP. These results demonstrated that the cytoplasmic membrane is the primary target for lactacin F. The action of lactacin F against E. faecalis appeared to be PMFindependent, and was optimal at acidic pH values. The action of lactacin F is largely influenced by the presence of divalent and trivalent cations, since Mg'+ and Ca2+ partially prevented the efflux of potassium, whereas in the presence of Gd3+ a complete inhibition was observed. Furthermore, the action of lactacin F against cells grown at 30" C was significantly decreased at low temperature with lactacin F-induced K+ efflux from these cells completely inhibited at 10" C [30]. This indicates that the action of lactacin F, like that of nisin (see above), is influenced by the fluidity of the membrane. Summarizing, the bactericidal action of these two component bacteriocins occurs most likely through the complementation of the two peptides which form poration complexes in the cytoplasmic membrane [3, 29, 30 ].
Producer self-protection (immuni&) mechanisms for class II LAB bacteriocins
Genetic analyses of mutant bacteriocin producer strains combined with growth studies have supplied evidence for an essential role for so-called immunity proteins in producer self-protection [3] . To date, only the LcnA immunity protein (L&4) has been studied. One report deals with the purification and characterization of LciA [31], whereas Venema et al. [22] recently provided a detailed analysis of the mode of action of LciA. The presence of the immunity gene (I&4) in a functional form is sufficient to render cells resistant to LcnA. Lcil encodes a cationic peptide with a molecular mass of approximately 11 kDa. Studies with monoclonal antibodies revealed that LciA was present in the cytosolic, the membrane-associated and membrane fractions of cells in roughly equal amounts [22] . Since membrane vesicles obtained from an immune strain are also resistant, it was concluded that LciA resides in, and acts at the level of, the cytoplasmic membrane. A monoclonal antibody raised against LciA specifically reacted with right-side out vesicles from a strain producing LciA, whereas it did not react with inside-out vesicles from this strain. The epitope in L&4 was localized in the C-terminal part of the protein, between amino acid residues 60 and 80, which is located at the outside of the cell. The immunity protein is supposed to be anchored to the membrane via a putative cY-amphiphilic helix from residue 29 to 47. From vesicle-fusion studies, together with leucine-uptake experiments, it was inferred that LciA interacts with the putative proteinaceous receptor for LcnA, thus preventing pore formation (Fig. 2) [22].
Perspectives
Recently, Kuipers et al.
[32] reported the construction of modified nisin Z peptides with antimicrobial activities different from those of wild-type nisin Z. Engineering of LAB bacteriocins, in combination with structural analysis and characterization of binding to proteinaceous and/or lipid receptor molecules and their efficiency of membrane permeabilization, offer exciting possibilities for future research, and will also contribute to the elucidation of the mechanism(s) involved in producer self-protection (immunity).
Furthermore, the engineering of bacteriocins offers the perspective of de novo design and production of novel biologically important peptides.
